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The flow between two parallel plates, where a constant unidirectional temperature gradient is applied to the plates, is a common thermal creep flow configuration considered in kinetic approaches. Thermal creep effects move the gas from the cold region towards the hot one. It has different industrial applications such as Knudsen pumps. 1 Even though thermal transpiration effects have been considered by different researchers, [2] [3] [4] [5] [6] hydrodynamics behavior of rarefied creeping flow is not considered in detail. As a continuation of our previous work, 7 here we aim to find the thermal creep effects on the hydrodynamic behavior of the Poiseuille flow, i.e., velocity profiles and pressure distribution. Thermal creep effects were produced from a linear wall temperature gradient (WTG) distribution. We also modify our correlated formula for thermal mass flow rate in long micro/nano channels. In this regards, we use an optimized direct simulation Monte Carlo (DSMC) 8 code, [9] [10] [11] [12] [13] to perform our simulations. The geometry of the simulated micro/nanochannel and imposed boundary conditions are shown in Figure 1 .
We consider the effect of wall temperature gradient under zero net flow-wall heat transfer condition. To do this, in the first surface cell, we set wall temperature equal to the inflow temperature and keep the average wall temperature equal to the bulk temperature. The effect of different WTG on the centerline pressure distribution through the micro/ nanochannel is considered. We applied three different wall temperature gradients of 70 K, 130 K, and 200 K on the channel walls. Figure 2(a) shows that the pressure distribution deviates from the analytical solution as WTG increases. Based on the analytical derivations, 1 the pressure distribution depends on the exit flow average Knudsen number, i.e., the deviation of pressure from the linear distribution increases as the exit average Knudsen number increases. The wall temperature gradient leads to an increase in the exit Knudsen number along the micro/nano channel, see Figure 2 (b).
Accordingly, the pressure distribution deviates more with the increase in WTG. In other words, pressure increases through the micro/nano channels as WTG increases. The reason is that the higher wall temperature increases flow compressibility (density variations) more and results in more non-linear pressure distribution. Figure 2 (c) shows the pressure deviation from the isothermal condition. Temperature distribution has been also presented in Fig. 2(d) . It is inferred from Figs. 2(c) and 2(d) that deviation of pressure and temperature distributions from the isothermal condition is proportional to the magnitude of WTG. In this regards, as the intersection point in the temperature distributions is located in X/L ¼ 1/2, we deduce
Similarly, for pressure distribution we could write
According to the perfect gas law,
Therefore, according to the obtained temperature and pressure distributions, density behavior could also be predicted. Equation (3) shows that there is an intersection point for which density (and consequently Knudsen number) is constant for all 
By simulation just one WTG 6 ¼ 0 case and determination of C 1 and C 2 (x), the intersection point for Knudsen number could be specified. According to Eq. (4) and data provided in Figs. 2(c) and 2(d), the location of the intersection point is about X ¼ 0.58. This is in good agreement with the intersection point predicted in Fig. 2(b) . At the intersection point, from a physical view point, the density and Knudsen number are independent from WTG and are only function of the operational micro/nanochannel condition, i.e., inlet/ outlet flow conditions. The effects of different bulk temperature (T b ) and different pressure ratio are studied in Figure 3 . Solid and dashed lines correspond to uniform wall temperature distribution (DT w ¼ 0 K) and the case with wall temperature gradient equal to 200 K, respectively. Also, symbols correspond to the analytical solution derived by Dongari et al. 14, 15 It is well seen that the DSMC results reported with the solid lines are in a good agreement with the analytical solution.
This figure indicates that the difference between uniform wall temperature results and those of WTG 6 ¼ 0 increases as Knudsen number increases. Moreover, it shows that at the same WTG value, deviation is more for lower bulk temperature. Different pressure ratio solutions under the same bulk temperature show that the deviation is approximately the same for different pressure ratios, i.e., P ¼ 2 and P ¼ 3.
Studies show that the wall temperature gradient influences on the velocity behavior. This behavior includes dimensional (U) and non-dimensional (U*) velocity profiles and centerline (streamwise) velocity distribution (U c ). ] directly depends on the pressure gradient, it is well concluded that WTG decreases the pressure gradient at the first sections of the channel (velocity decrease), while it increases the pressure gradient near the outlet section (velocity increase). This conclusion is consistent with the behavior reported in Fig. 3 for the centerline pressure. The intersection point in Fig. 4(d) could be interpreted similar to our discussion around the intersection point of Fig. 2(b) . From the continuity of mass along the channel, for a channel with height H we could write
where C 3 is a constant which indicates that the mass flow rate increases linearly as WTG increases. 7 From combination of Eqs. (3) and (5), the expression for velocity distribution along the channel could be deduced as a function of WTG as follows:
The intersection point for velocity profiles could be obtained from dðUÞ=dðDT w Þ ¼ 0. Some test cases are performed to study the effect of average Knudsen number, pressure ratio, and bulk temperature especially on the centerline velocity distribution. blue lines match to "average Knudsen number" equal to 0.1, 0.8, and 1.7, respectively. The effects of WTG are more at lower P and lower T b values. Inlet velocity for cases with WTG 6 ¼ 0 is smaller comparing with that of WTG ¼ 0 case. The reason is the lower pressure gradient of the inlet flow for WTG 6 ¼ 0 case. However, WTG increases pressure gradient such that the outlet velocity is higher for WTG 6 ¼ 0 cases. Similar to Fig. 4(d) , there is an intersection point in which centerline velocities are equal for WTG ¼ 0 and WTG 6 ¼ 0 cases. At higher Kn numbers, the flow acceleration due to WTG effects on the pressure gradient starts at the initial sections of the channel, i.e., X ¼ 0.2, while for lower Kn number case of Kn ¼ 0.1, this process occurs after the mid-section of the channel, i.e., X ¼ 0.55. As T b increases, the intersection point moves aft, in other words, WTG effects are more pronounced at higher flow bulk temperature. The last frame in Fig. 5 shows the same test case under higher pressure ratio, i.e., P ¼ 3. Comparing this frame with the test with P ¼ 2 shows that as pressure ratio increases, WTG effects decrease. In other words, WTG is more effective at higher bulk temperature and lower pressure ratio along the channel. Figure 6 depicts the effect of WTG on the normalized thermal mass flow rate at different working conditions of channel, i.e., different P, T b , and average Knudsen number. Thermal mass flow rate is defined as,
where subscript "p" corresponds to fully pressure-driven isothermal flow (WTG ¼ 0) and subscripts "th" represents thermal mass flow rate due to only WTG 6 ¼ 0 effects. We call _ m p and _ m th as pressure and temperature mass flow rate, respectively. Different Kn values of Fig. 6 are created by different levels of inlet/outlet pressure magnitudes.
According to the figure, increase in the thermal mass flow rate due to WTG variations is linear for all levels of flow rarefactions and it is faster for higher Knudsen numbers. The reason is that at higher Knudsen numbers thermal creep effects is stronger. It is well inferred from comparison of solid, dashed, and dashed-dotted lines that thermal creep effect on mass flow rate is stronger at lower P and T b values. As it seen, solid lines have the highest slope.
In our previous work, 7 we derived a correlation predicting normalized mass flow rate as a function of Knudsen number. 
Equation (8) considers WTG, bulk temperature, channel pressure ratio, and Knudsen number, but it is derived for short channel with aspect ratio (AR) of 6. In the following paragraphs, we extend Eq. (8) for long channels. One of the most important parameters affecting mass flow rate through micro-/nanochannels is the channel length. We like to emphasize the effect of the channel length on thermal mass flow rate at constant channel height. For this, channel with WTG ¼ 200 K, P ¼ 2, and T b ¼ 400 K is considered. Figure 7 shows the normalized thermal mass flow rate as a function of Knudsen numbers for different micro/nanochannel AR (¼L/H) values. Solid line is the correlated formula for short micro/nano channels obtained in Ref. 7 and dashed line is the correlated formula of Eq. (9) for long micro/nano channels, which had more practical applications. 
As channel's length increases, both pressure and thermal mass flow rates decrease, but the net results are an increase in the normalized thermal mass flow rate. It can be seen that the results converge to the same line as channel AR increases, i.e., as channel AR increases above 20, the effect of AR becomes negligible.
In conclusion, current work presents hydrodynamic behavior of Poiseuille flow through micro/nanochannels under thermal creep effects. The effects of WTG on the velocity profiles, centerline velocity and pressure, and thermal mass flow rate were investigated. The results detected that an increase in WTG leads to an increase in the pressure distribution's curvature. Velocity profiles at a constant section may increase/decrease as WTG increase due to WTG effects on the pressure distribution gradient. Considering centerline velocity and Kn distributions, there were certain points in which velocity and Kn were independent from WTG. Our study also showed that the WTG effect is stronger at higher flow's bulk temperature and lower channel pressure ratio. Thermal mass flow rate increased linearly with WTG. We present a correlated formula for normalized thermal mass flow rate as a function of the channel's Knudsen number, which is independent from AR of the micro/nano channel.
